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Hybrid zone models often consider environment-independent selection to operate against all hybrids. However, empirical 
studies suggest that hybrids may be as fit or fitter than the hybridizing parental taxa in some environments. In this study 
we develop a novel mathematical model to explore the effects of one form of hybrid superiority on the genetic structure 
of hybrid zones. Our primary goals were to investigate the allele frequency clines at a locus experiencing overdominant 
selection and at a linked neutral or underdominant locus. Our results indicate that overdominant selection results in flat 
equilibrium allele frequency clines throughout the hybrid zone and an excess of heterozygosity relative to Hardy-Weinberg 
equilibrium. However, the genetic clines at linked neutral or underdominant loci tend not to reflect this overdominance 
even when the loci are tightly linked. Overall, we conclude that overdominance is unlikely to be detected in genetic surveys 
unless many loci are assayed. 
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Hybrid zones are regions where individuals originat- 
ing from genetically differentiated populations suc- 
cessfully mate and produce offspring (HARRISON 
1990; ARNOLD 1997). These areas provide prime 
opportunities to study fundamental evolutionary pro- 
cesses such as gene flow, selection, and speciation 
(HARRISON 1993). To properly interpret results aris- 
ing from studies of hybrid zones it is important to 
understand the factors that maintain their structure 
and composition. 
In general, the long-term stability of hybrid zones 
has been viewed as resulting from an interaction 
between migration of individuals through the hybrid 
zone and natural selection operating differentially on 
parental and hybrid genotypes (ENDLER 1977; BAR- 
TON and HEWITT 1985, 1989; HARRISON 1993; 
ARNOLD 1997). However, the exact nature of the 
selective processes operating within hybrid zones re- 
mains a matter of considerable controversy. For ex- 
ample, most genetic models of hybridization assume 
hybrids have lower fitness than at least one of the 
parental taxa irrespective of the environment in 
which the comparison is made (e.g., BAZYKIN 1969; 
BARTON 1979; BARTON and GALE 1993; BAIRD 
1995; GAVRILETS and CRUZAN 1998; CAIN et al. 
1999; DURRETT et al. 2000; but see GAVRILETS 
1997). 
However, some empirical studies suggest that hy- 
brids attain fitness equal to, or greater than, individu- 
als from the parental populations in at least some 
environments (STEBBINS 1965; MOORE 1977; 
ARNOLD and HODGES 1995; GRANT and GRANT 
1996; ARNOLD 1997; CAMPBELL et al. 1998; ARNOLD 
et al. 1999). These cases have sometimes been viewed 
as providing support for the hypothesis that hy- 
bridization can be a creative process leading to the 
generation of novel taxa (ARNOLD 1997). Unfortu- 
nately, no theoretical framework exists for interpret- 
ing results from genetic studies of these evolutionarily 
important hybrid zones. 
The purpose of this investigation was to expand 
the existing mathematical theory available for analyz- 
ing regions of hybridization by developing a frame- 
work useful in interpreting results from hybrid zones 
where environment-dependent selection for hybrids 
occurs. We examined the steady-state patterns in 
nuclear allele frequencies and disequilibria at the 
focal selected locus and at a linked locus experiencing 
no, or alternate forms, of selection. Our overall goals 
were to determine the genetic signature that results 
when hybrids possess relatively high fitness through 
overdominance and to ascertain if loci conferring 
hybrid advantage are likely to be detected in genetic 
surveys of natural hybrid zones. 
HYBRID ZONE MODEL 
We consider the diploid genotypes of individuals at 
two diallelic nuclear loci, locus A and locus B. The 
frequencies of alleles A ,  and A ,  at locus A a r e p  and 
1 - p ,  respectively, and the frequencies of alleles B ,  
and B, at locus B are q and 1 - q, respectively. Table 
1 gives the 10 two-locus genotypes in this system and 
defines f; as the frequency of genotype i, for i = 1 to 
10. We allow for variation in the recombination rate, 
r (0 I r I 0.5), between loci A and B. If r = 0 then the 
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two loci are completely linked and if r = 0.5 then the 
loci are unlinked. 
To document the genetic patterns throughout the 
hybrid zone, we monitor nonrandom associations of 
alleles at loci A and B. First, we consider deviations 
of the genotype frequencies from expectations under 
Hardy-Weinberg equilibrium. These deviations are 
quantified by FA = I - cf,  +fs +f6 +f7)/[2p(l - p ) ]  
for locus A ,  and FR = 1 - cf2 + f s  +f6 +fi)/[2q(l - q ) ]  
for locus B. Positive values of FA or FB indicate a 
deficit of heterozygotes relative to Hardy-Weinberg 
equilibrium at locus A or B, respectively. Second, we 
measure nonrandom associations between alleles at 
the two loci (i.e., linkage disequilibrium), defined as 
D =f; + 9’ + 9; + g5 -py. Positive values of D indi- 
cate an excess of coupling gametes relative to expec- 
tations based on random association of alleles at loci 
A and B. Because values of D depend heavily on the 
allele frequencies, we will also monitor the normal- 
ized estimate of gametic disequilibrium, D‘, which 
always varies between - 1 and + 1 (WEIR 1996). 
We assume that two populations overlap in an area 
of sympatry consisting of x linearly arranged subpop- 
ulations and produce hybrid offspring with non-zero 
fitness. Individuals from each of these two popula- 
tions are referred to as belonging to either species 1 
or species 2, although the two groups are not repro- 
ductively isolated. We further suppose that species 1 
is fixed for alleles A ,  and B, ,  and species 2 is fixed for 
alleles A ,  and B2. Therefore, all species 1 individuals 
are genotype A , B , / A , B ,  and species 2 individuals are 
genotype A2B,/A2B2. Generations are presumed to be 
discrete and non-overlapping, and population size is 
large enough so that genetic drift does not affect the 
genotype frequencies within the hybrid zone. 
Under our model, individuals first mate and pro- 
duce offspring. We assume that mating occurs at 
random within subpopulations and that gametes un- 
dergo recombination with probability r.  After 
progeny production, the frequencies of the 10 two-lo- 
cus genotypes are 
f - _  
4 - 34Vs + f 6 )  + .IVI + 922)  + %V8 + 29) + 28183 + Y 
(ID) 
f - L  5 - 2(9212 + 2P184 + X’(PI + P 4 )  t1E) 
.& = & I ) ’  + 28283 + X I ( P 2  + 8 3 )  (IF) 
5 = 97vs +fd + .l<29 + h O >  + &2 +f3) 
+ 2 8 2 8 4  + ? (1G) 
(1 H) f’ - (L 8 - 2x1 + P d 2  
+ 28384 + Y (11) 
( 1 J )  
- 
I 
.z = 99vS +.fd + x l ( 9 7  +f;O> + ‘2(% + f 8 )  
I 
f ’  - (L 
10 - 2x2 + 84)’ 
X I  = r J ; + ( l  -rY6 x 2 = ( 1  - r l J ; + &  
where 
and 
P I Z f ; + 9 2 + + 4  8 2 = + 2 + f ; + 9 7  
P 3  = $4 +f’8 + $ 84 = 2 7  + 9 +.f;o 
and 
7 = +&[r2 + ( 1  - r)’] + $r( 1 - r)[CfJ2 + &)’I. 
We note that these equations differ from those typi- 
cally used in two-locus analyses (i.e., LEWONTIN and 
KOJIMA 1960) in that (1) focuses on diploid geno- 
types rather than on haploid gametes. Therefore, (1) 
does not rely on the genotype frequencies in the 
previous generation being in Hardy-Weinberg 
proportions. 
After mating and reproduction, individuals within 
each subpopulation undergo viability selection. The 
fitness of an individual of genotype k ,  for k = 1 to 10, 
is denoted as wk and reflects the multiplicative effects 
of loci A and B. We assume no multiplicative epista- 
sis between the loci so the fitnesses of the two-locus 
genotypes may be parameterized as in Table 2 
Table 2. Fitness qf genotypes in two-locus diallelic 
model with multiplicutive j tness  of loci and no epistu- 
sis 
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Fig. 1. Stepping-stone model of migration with x subpopu- 
lations. Each generation, a constant proportion of individu- 
als, rn, from each subpopulation migrates to the adjacent 
subpopulations. 
(FELSENSTEIN 1965). Under our model, the fitnesses 
of the different genotypes are not constant across the 
hybrid zone. The ‘end’ subpopulations, 1 and x, 
preferentially support individuals that are species 1 - 
like and species 2-like, respectively. However, the 
fitnesses of genotypes in the other ‘central’ subpopu- 
lations j ,  for j = 2, 3, ... , x - 1, vary (see below). 
Thus our framework parallels aspects of the bounded 
hybrid superiority model originally outlined by 
MOORE (1977). Selection in a given subpopulation 
changes the frequency of genotype k according to the 
equation 
where 
k =  I 
The final process operating within the hybrid zone is 
migration. Individuals move through the hybrid zone 
according to the one-dimensional stepping-stone 
model (KIMURA and WEISS 1964), so that a constant 
proportion of individuals, m (0 < m < 0.5), within 
each subpopulation migrates to the adjacent subpop- 
ulation(s) each generation (Fig. 1). Note that the end 
subpopulations exchange migrants with only one 
other subpopulation and the central subpopulations 
exchange migrants with two other subpopulations. 
Therefore, each generation migrants replace a frac- 
tion m and 2m of end and central subpopulations, 
respectively. 
The frequency of genotype k in the migrants enter- 
ing any given subpopulation is defined a s x ,  which is 
simply the arithmetic mean of the frequency of geno- 
type k in the neighboring subpopulations. After mi- 
gration the frequency of genotype k is 
fk=mJ;k+(l  -m& (3A) 
f;, = 2 4  + (1 - 2m>j-, (3B) 
for central subpopulations. The values given by (3) 
represent the genotype frequencies after a single cycle 
of mating, selection, and migration. 
for end subpopulations and 
HYBRID ZONE SIMULATIONS 
Solving analytically for the equilibrium genotype fre- 
quencies under the stepping-stone model with arbi- 
trary fitnesses is complex. Therefore, we resort to 
numerical methods to explore the distribution of 
genetic variation within the hybrid zone. We assume 
that the zone consists of x = 40 subpopulations and 
that the migration rate m = 0.1. We set the fitness 
parameters (Table 2) to a = b = 1.2, c = d = 0.8 in 
subpopulation 1 and a = b = 0.8, c = d =  1.2 in sub- 
population x. Therefore, the alternate homozygous 
genotypes are strongly favored in either end of the 
hybrid zone in all simulations. 
The area of hybridization is presumed to result 
from secondary contact rather than primary intergra- 
dation (ENDLER 1977). Therefore, only individuals 
with double homozygous genotypes initially reside 
within the hybrid zone. Specifically, the first x/2 = 20 
subpopulations of the zone are occupied by individu- 
als of genotype A , B , / A ,  B ,  only, while the last xj2 = 
20 subpopulations are occupied by individuals of 
genotype A,B,/A,B, only. 
The recursions for the two-locus genotype frequen- 
cies defined in (1)-(3) are then iterated to obtain the 
steady-state genotype frequencies in each subpopula- 
tion of the hybrid zone. Specifically, mating, selec- 
tion, and migration, are allowed to occur until no 
value off ; ,  for i = 1 to 10, changes by more than 
l o p 6  in a single generation in any of the subpopula- 
tions. At this point, the system is defined as being at 
equilibrium. 
Single-locus clines under simple selection schemes 
We first explore the steady-state clines in allele fre- 
quencies @) and deviations from Hardy-Weinberg 
equilibrium (FA)  at locus A under three baseline 
selection schemes. To examine the effects of selection 
on locus A independent of locus B, we set the recom- 
bination rate r = 0.5 and the fitness parameters b = 
c = 1 in the central subpopulations. The three simple 
cases of selection that we initially examine are selec- 
tive inferiority of hybrids (underdominance at locus 
A ) ,  selective equality of hybrids (neutrality at locus 
A ), and selective superiority of hybrids (overdomi- 
nance at locus A ) .  
The first of these examples essentially follows the 
tenets of the tension zone model of hybridization 
(KEY 1968; BAZYKIN 1969; BARTON and HEWITT 
1985), whereby hybrids have fitness lower than the 
two hybridizing species in all environments. To exam- 
ine genetic patterns under this scenario, we set a,  
d >  1 in the central subpopulations. The second 
scheme assumes that hybrid fitness is lower than the 
parental hybridizing species in the end subpopula- 
164 M .  A .  D. Goodisman and R. H. Crozier Hereditas 134 (2001) 
tions only. In the central subpopulations, the fitness 
of hybrids equals that of the parental species (a  = 
d =  I). Finally, we allow hybrid fitness to exceed that 
of the parental species within the central subpopula- 
tions (a ,  d < l), thereby resulting in hybrid superior- 
ity at the selected locus. 
The clines for underdominance at locus A display 
features expected under this selection scheme (BAR- 
TON and HEWITT 1985; BARTON and GALE 1993). 
The frequency, 0, forms a sigmoidal curve and is 
highest in the subpopulations that initially contained 
species 1 individuals (Fig. 2A). We may assess the 
width of this cline as the area where the allele fre- 
quencies fall between 0.2 and 0.8. In this case, we find 
that the cline for p is only four subpopulations wide. 
In general, the width of an allele frequency cline 
maintained by dispersal and selection is related to the 
characteristic scale of selection, I = a/&, where CT is 
the standard deviation between parent and offspring 
and s is the measure of selection (BARTON and HE- 
WITT 1985 . Under our stepping-stone model, = 1m(1 - m). Previous results have suggested that the 
width of a cline maintained by selection against hy- 
brids is expected to equal $1 (BARTON and HEWITT 
1985), which would be approximately three subpopu- 
lations in this case. Thus our results agree qualita- 
tively with this result. In addition, with 
underdominant selection we find that FA is always 
positive, reflecting selection for homozygous geno- 
types throughout the hybrid zone (Fig. 2B). The 
deficit of heterozygotes becomes relatively large in 
magnitude in the middle subpopulations where the 
alleles are at intermediate frequencies. 
The clines under selective neutrality of hybrids 
show substantially different patterns. The allele fre- 
quencies now change in a linear fashion through the 
hybrid zone reflecting the process of simple diffusion 
of alleles through the central subpopulations (Fig. 
2A). The strong selection for homozygous genotypes 
in the end subpopulations, however, ensures that p is 
high near subpopulation 1 and low near subpopula- 
tion 40, as predicted under similar models where the 
genetic compositions of the end subpopulations are 
fixed (FELDMAN and CHRISTIANSEN 1975). The val- 
ues of PA are still greater than zero for all subpopula- 
tions, because of the influence of selection operating 
in favor of the homozygous genotypes in subpopula- 
tions 1 and x (Fig. 2B). However, in this case FA 
takes on relatively small and equal values throughout 
most of the hybrid zone because of the absence of 
selection in the central subpopulations. 
The steady-state clines for p and PA obtained with 
overdominant selection at locus A display important 
differences from the two previous examples. The cline 
for ji now levels off in the center of the hybrid zone 
(Fig. 2A). Importantly, in contrast to the case of 
underdominance, the width of the allele frequency 
cline displayed with overdominance is much larger 
than the scale of selection I ,  because the influence of 
Underdominance 
Neutrality 
1 a , 1 . 1 1 * 1 . 1 1 . .  Overdominance 
0 5 10 15 20 25 30 35 40 
0.1 I 1 
0.08 1 
0.06: 
0.04: 
0.02 1 
F 0: 
-0.02 1 
-0.1 1 I I I I I I I 
0 5 10 15 20 25 30 35 40 
Subpopulation 
Fig. 2A and B. Effects of underdominance, neutrality, and 
overdominance on the equilibrium clines for A) the fre- 
quency of the A ,  allele, 6, a_"d B) the deviation from 
Hardy-Weinberg equilibrium, FA. The selection parameters 
in the central subpopulations for underdominance, neutral- 
ity, and overdominance are a = d = 1.1, a = d = 1, and a = 
d = 0.9, respectively. 
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dispersal is low relative to selection (BARTON and 
HEWITT 1985). Another distinction between the two 
cases is that FA takes on negative values in all but the 
end subpopulations (Fig. 2B). Both these patterns 
arise because selection maintains both alleles in het- 
erozygous form in the central subpopulations. 
Two locus clines with overdominance 
We next investigate if a locus experiencing no selec- 
tion or underdominant selection reflects the effects of 
overdominance at a second linked locus. We first 
consider the case where heterozygotes at locus A 
possess greater fitness than either homozygote while 
genotype at locus B does not affect fitness (a ,  d <  1, 
b = c = 1). In contrast to the previous example of 
heterozygous advantage, however, we now consider 
how variation in recombination rate between the loci 
affects the genetic patterns. 
Our simulations indicate that clines for @ flatten in 
the middle of the hybrid zone and are unaffected by 
the linkage relationship to locus B (Fig. 3A). Also, 
the cline for q (Fig. 3B) is not altered by selection at 
locus A when the two loci are unlinked ( r  = 0.5) and 
is virtually unaffected even when the loci are tightly 
linked ( r  = 0.01). Only when the recombination rate 
between the two loci is exceptionally low ( r  = 0.0001), 
does q strongly show the effects of selection operating 
on locus A .  
The statistic FA is negative and virtually unchanged 
by the linkage relationship between the two loci (Fig. 
3C) and reflects the strong selection for heterozygotes 
in the center of the hybrid zone. In contrast, FB is 
positive when r 2 0.01 (Fig. 3D); the direct selection 
for the homozygous genotypes at locus B in the end 
subpopulations overwhelms the influence of indirect 
selection for heterozygous genotypes at the linked 
locus A .  Again, only with very tight linkage ( r =  
0.0001) does selection at locus A cause pB to become 
negative. 
The only statistic that displays a substantial differ- 
ence between the linked and unlinked simulations is 
the steady-state linkage disequilibrium and normal- 
ized linkage disequilibrium (Fig. 3E and 3F). When 
r = 0.5, d is small and positive and reaches only a 
fraction of its maximum. The disequilibrium reaches 
greater magnitude with tighter linkage and is close to 
its maximum when Y = 0.0001, In general, both D and 
D‘ are greatest in magnitude on the edges of the 
hybrid zone where selection in subpopulations 1 and 
x acts in favor of the homozygous genotypes. These 
patterns stand in sharp contrast to those expected 
under models of selection against hybrids, where 
linkage disequilibrium reaches its greatest magnitude 
in the center of the hybrid zone (BARTON and GALE 
1993). 
o 5 i n  IS 20 2s 30 35 40 0 8 10 18 20 25 30 38 40 
0 5 10 18 20 28 30 38 40 0 8 10 18 20 28 30 38 40 
I ‘ I  
o , \ ,  / - ,  , , - , \ / 
o 5 10 18 20 25 30 35 40 
Subpopulat ion 
Fig. 3A-F. Effects of overdominant selection on locus A 
and no selection on locus B on the equilibrium clines for A) 
the frequency of the A ,  allele, 0, B) the frequency of the B,  
allele, 4, C) the dsviation from Hardy-Weinberg equi- 
librium at locus A ,  FA, D) the deviatign from Hardy-Wein- 
berg equilibrium at locus B, F,, E) the linkage 
disequilibrium between loci A and B, D, and F) the nqrmal- 
ized linkage disequilibrium between loci A and B, D‘, for 
varying recombination rates, Y. The selection parameters in 
the central subpopulations are a = d = 0.9, b = c = 1 .O. 
Previous theoretical studies on hybridization have 
determined that the maximum linkage disequilibrium 
in hybrid zones maintained by weak selection against 
hybrids is given by 0” z a2( 1 + r ) / r  W, W,, where W, 
and W, are the widths of the clines for loci A and B, 
respectively (BARTON and GALE 1993). It is of some 
interest to compare this analytical result derived un- 
der a different set of assumptions to our simulated 
results. Under our framework, g2 = m(1 - m )  and 
the width of the clines for the loci may be approxi- 
mated by the distance where the allele frequencies are 
between 0.2 and 0.8. Not surprisingly, our analyses 
indicate that maximum D observed under our simula- 
tions does not coincide with 0”, the value expected 
under weak selection against hybrids. Specifically, we 
find that maximum 6 equals 0.0020, 0.018, and 0.097 
when r = 0.5, 0.01, and 0.0001, respectively. How- 
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ever, the expected estimates for these recombination 
rates are o" = 0.00029, 0.0092, and 0.70. 
We next turn our attention to an example of how 
overdominance at locus A affects variation at a 
linked locus B which is experiencing underdominant 
selection (a,  d < 1 < b, c) .  We find that the cline for I^, 
is characteristically flat in the middle of the hybrid 
zone (Fig. 4A) while 4 follows the sigmoidal pattern 
expected when hybrid genotypes possess lower fitness 
than parental genotypes (Fig. 4B). Of substantial 
importance, however, is that the clines for the equi- 
librium allele frequencies are once again largely unaf- 
fected by variation in the recombination rate between 
the two loci. 
The steady-state patterns for the deviations from 
Hardy-Weinberg equilibrium are also largely inde- 
pendent of the recombination rate between loci. The 
-0.07 , I , , , I I 
0 5 10 1 5  20 25 30 35 40 
0.00004 0.016 
- .  .::
0.00003 : .. 
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 
Subpopulation 
Fig. 4A-F. Effects of overdominant selection on locus A 
and underdominant selection on locus B on the equilibrium 
clines for A) the frequency of the A ,  allele, p ,  B) the 
frequency of the B,  allele, 4, C) th: deviation from Hardy- 
Weinberg equilibrium at locus A ,  FA, D) the deviation from 
Hardy-Weinberg equilibrium at  locus B,  FB, E) the linkage 
disequilibrium between loci A and B, D, and F) the nqrmal- 
ized linkage disequilibrium between loci A and B, D', for 
varying recombination rates, Y.  The selection parameters in 
the central populations are a = d = 0.9, b = c = 1.1. 
value of F,, is negative except in the end subpopula- 
tions (Fig. 4C). However, FB is positive in all subpop- 
ulations (Fig. 4D), although it is close to zero outside 
of the center of the hybrid zone, in part because ofthe 
lack of variation. The steady-state gametic disequi- 
librium, D, is positive and largest in the center of the 
hybrid zone regardless of the recombination rate 
.between the loci (Fig. 4E). However, D is exception- 
ally small in magnitude and does not take on a 
particularly large fraction of its maximum value (Fig. 
4F). We may once again compare the maximum 
disequilibrium obtained in this study to that ex- 
pected, o", under models of underdominance. In this 
case, we expect b to equal 0.0018, 0.060, and - 1.0, 
for r = 0.5, 0.01, and 0.0001, respectively. However, 
the observed maximum of D is always much lower 
than all of these values. 
Efects of variation in simulation parameters 
Finally, we investigate in more detail how variation 
in the recombination rate between loci, the migration 
rate among subpopulations, and the selection scheme 
alter the genetic structure of the hybrid zone. To 
document this variation we examine the match be- 
tween the frequency of the genotypes in the hybrid 
zone and the fitnesses of those genotypes (after CAIN 
et al. 1999). We measure this correspondence using 
the equilibrium mean fitness within the hybrid zone, 
defined as 
in a hybrid A zone composed of x subpopulations, 
a'iere &,) is the equilibrium frequency of genotype k 
in subpopulationj, wk(,) is the fitness of genotype k in 
subpopulation j ,  and wrnax(,) is the largest selection 
coefficient in subpopulation j. In general, relatively 
high values of 6 indicate that genotypes match their 
environment well and relatively low values suggest 
that a large fraction of unfit genotypes reside within 
the hybrid zone. 
From Figure 5 we see that variation in the recom- 
bination rate, r ,  has very little effect on b regardless 
of the magnitude of m or the selection scheme. These 
results are consistent with those of previous examples 
(Figs. 3 and 4), which indicated that allele frequencies 
and deviations from Hardy-Weinberg equilibrium 
vary little with r .  What is not evident from Figure 5, 
however, but is apparent from Figures 3E and 4E, is 
that gametic disequilibria increase in magnitude when 
the loci under consideration are tightly linked, be- 
cause linkage of loci A and B allows selection to act 
more efficiently within the hybrid zone (SLATKIN 
1975). 
Variation in m affects the overall genetic structure 
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Fig. 5A-D. Equilibrium mean fitness, k, under four selection schemes for different migration rates, m, and recombination 
rates, r. The selection parameters in the central subpopulations are A) a = d = 0.9, h = c = 1 .O, B) a = d = 0.9, h = c = 1. I ,  
C) a = d = 0 . 9 ,  h = c =  1.8, and D) u=d=0.1 ,  h = c =  1. 
of the hybrid zone substantially. Relatively high mi- 
gration rates lead to lower values of 6 under all 
selection schemes (Fig. 5), because migration intro- 
duces unfit genotypes through the hybrid zone faster 
than selection can eliminate them. Moreover, the 
allele frequency clines with underdominant and over- 
dominant selection become smoother and come to 
resemble those found under neutral diffusion (Fig. 
2A) when m is large. In addition, the deviation from 
Hardy-Weinberg equilibrium becomes greater in 
more subpopulations of the hybrid zone. In contrast, 
the overall genetic patterns at neutral loci are virtu- 
ally unaffected by variation in m. 
Finally, we note that the different selection 
schemes also affect $6 to some extent. Although it is 
difficult to make generalizations because of the com- 
plexity of the selection schemes considered, we note 
that strong selection (e.g., Fig. 5C and 5D) tends to 
reduce overall mean fitness. However, even under- 
these conditions, $ remains relatively high and never 
drops below 0.895. 
DISCUSSION 
We developed a novel two-locus model to examine 
the effects of hybrid superiority on the genetic struc- 
ture of hybrid zones. Under our framework, selection 
operated in a manner similar to that proposed by 
MOORE ( 1  977). Specifically, hybrid superiority was 
environment-dependent and confined to the middle of 
the hybrid zone. Our model thus differed substan- 
tially from previous models of hybridization that 
considered selection against hybrids only (e.g., 
BAZYKIN 1969; BARTON 1979; BARTON and 
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GALE 1993; BAIRD 1995; GAVRILETS and CRUZAN 
1998). 
We found that a locus conferring a selective advan- 
tage to hybrids (i.e., experiencing overdominant selec- 
tion) displayed distinct patterns from neutral or 
underdominant loci. Specifically, a strong leveling in 
the allele frequency cline combined with an excess of 
heterozygosity throughout the hybrid zone indicated 
the presence of overdominant selection. In contrast, 
neutral diffusion of alleles through a hybrid zone led 
to a linear change of allele frequencies and to a slight 
excess of homozygotes (FELDMAN and CHRIS- 
TIANSEN 1975), while underdominant selection re- 
sulted in sigmoidal allele frequency clines and a 
relatively large excess of homozygosity in the center 
of the hybrid zone (SLATKIN 1975; BARTON 1979; 
BARTON and GALE 1993). 
Although the equilibrium clines for a locus experi- 
encing overdominant selection showed distinct 
patterns, the probability of assaying such a locus in a 
standard genetic study would probably be low. I t  
may be more likely that genotype at a linked locus 
experiencing no selection or alternate forms of selec- 
tion would be obtained. We thus examined the pat- 
terns of genetic variation at such linked loci to 
determine if their genetic patterns were influenced by 
the overdominant selection operating on a neighbor- 
ing gene. 
Our results indicated that the genetic patterns for 
neutral or underdominant loci did not reflect the 
overdominant selection acting at the linked locus. 
Variation in the recombination rate between the loci 
had virtually no effect on the steady-state mean 
fitness, allele frequency clines, or deviations from 
Hardy-Weinberg equilibrium. Consequently, linked 
neutral markers closer than 1 centimorgan to a se- 
lected locus may be required to detect a single locus 
experiencing overdominant selection. 
In contrast, we found that variation in the migra- 
tion rate of individuals through the hybrid zone did 
affect the genetic structure of the hybrid zone. Our 
results agree with previous theoretical studies that 
noted that dispersal rate plays a critical role in deter- 
mining population genetic structure in hybrid zones. 
High migration tends to homogenize allele frequen- 
cies and swamp the effects of selection (SLATKIN 
1973; NAGYLAKI 1975, 1976; ENDLER 1977; BARTON 
and HEWITT 1985). In our study, this was evidenced 
by a decrease in the equilibrium standardized mean 
fitness through the hybrid zone, because high migra- 
tion tended to reduce the ability of selection to 
remove unfit genotypes. 
Linkage disequilibrium within the hybrid zone was 
generally negligible, particularly when selection oper- 
ated differently on the two selected loci. This may 
seem surprising, given that the recombination rates 
used in some simulations were very low. However, 
because population size was infinite under our simu- 
lations, some recombinants were produced every gen- 
eration. More importantly, selection rapidly increased 
the frequency of recombinant gametes. Additionally, 
we did not investigate cases of epistasis between the 
two loci, which could lead to substantial levels of 
gametic disequilibria. 
We compared the disequilibrium obtained through 
our simulations to expectations derived under previ- 
ous hybrid zone formulations (BARTON and GALE 
1993). In general, the observed and expected disequi- 
libria differed substantially. This was not surprising, 
given that the expectations were derived under as- 
sumptions of weak selection against hybrids and low 
migration to recombination rate ratios, which were 
clearly violated in our simulations. 
One of the goals of this study was to determine if 
a locus exhibiting overdominant selection was likely 
to be detected in standard genetic surveys of hybrid 
zones. Recent studies have reported that hybrids that 
possess relatively high fitness tend to resemble the 
parental taxa genetically rather than F, individuals 
obtained from a direct mating between individuals 
from the parental taxa (ARNOLD 1997). Thus, these 
hybrids would presumably result from repeated back- 
crosses to parental or parental-like individuals, and, 
consequently, would possess relatively few overdomi- 
nant loci and relatively many neutral or underdomi- 
nant loci. Given that our results demonstrate that 
linked loci would not exhibit the patterns of a linked 
overdominant genotype, we suggest that it would be 
very difficult to detect evidence of this type of selec- 
tion unless very many loci were assayed. 
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